Molecular mechanism(s) of action of isoproterenol on the expression of the angiotensinogen gene in opossum kidney proximal tubular cells  by Wang, Tian-Tian et al.
Kidney International, Vol. 55 (1999), pp. 1713–1723
Molecular mechanism(s) of action of isoproterenol on the
expression of the angiotensinogen gene in opossum kidney
proximal tubular cells
TIAN-TIAN WANG, XING CHEN, XIAO-HUA WU, SHAO-LING ZHANG, and JOHN S.D. CHAN
University of Montreal, Maisonneuve-Rosemont Hospital, Research Center, Montreal, Quebec, Canada
The binding of the labeled ANG N-806/-779 to the OK cellMolecular mechanism(s) of action of isoproterenol on the ex-
nuclear protein(s) was displaced by unlabeled ANG N-806/-pression of the angiotensinogen gene in opossum kidney proxi-
779, but not by the CRE of the somatostatin gene, the CREmal tubular cells.
of the tyrosine amino-transferase gene, or the mutants of theBackground. b-adrenoceptors are present in the renal proxi-
ANG N-806/-779. Southwestern blot analysis revealed that themal tubules. We have previously reported that isoproterenol
labeled ANG N-806/-779 binds to two nuclear species of 43stimulates the accumulation of intracellular cAMP and the
and 35 kDa proteins. Western blot analysis, however, revealedexpression of the angiotensinogen (ANG) gene in opossum
that rabbit polyclonal antibodies against the 43 kDa CREBkidney (OK) proximal tubular cells via the b1-adrenoceptor.
interacted with only the 43 kDa molecular species but not withWe hypothesized that the molecular mechanism(s) of action
the 35 kDa species.of isoproterenol on the expression of the ANG gene is medi-
Conclusion. These studies demonstrate that the stimulatoryated via the interaction of the phosphorylated cAMP-respon-
effect of isoproterenol on the expression of the ANG genesive element binding protein (CREB) and the cAMP-respon-
may be mediated, at least in part, via the interaction of thesive element (CRE; that is, ANG N-806/-779) in the 59-flanking
phosphorylated CREB and the CRE in the 59-flanking regionregion of the rat ANG gene.
of the rat ANG gene. The novel 35 kDa nuclear protein thatMethods. The fusion genes containing the putative ANG-
is immunologically different from the 43 kDa CREB may alsoCRE of the rat ANG gene inserted upstream of the rat ANG
play a role in the expression of the ANG gene.basal promoter (ANG N-53/118) fused to a human growth
hormone (hGH) gene as reporter were stably cotransfected,
with or without the plasmid containing the cDNA for 43 kDa
CREB, into the OK cells. The effect of various agonists and Recent studies have shown that the mRNA compo-antagonists of adrenoceptors on the expression of the fusion
nents of the renin-angiotensin system (RAS), includinggenes was evaluated by the amount of immunoreactive hGH
angiotensinogen (ANG), renin, angiotensin-convertingsecreted into the culture medium. The interactions of OK cellu-
lar nuclear protein(s) with the ANG N-806/-779 were deter- enzyme, and angiotensin II (Ang II) receptor (AT1 re-
mined by gel mobility shift assays and by Southwestern and ceptor) are expressed in murine (mouse and rat) proxi-
Western blot analysis. mal tubular cell lines [1–4]. We have also demonstratedResults. The addition of isoproterenol, forskolin, or 8-Bromo-
that the ANG mRNA is expressed in opossum kidneycAMP (8-Br-cAMP) stimulated the expression of pOGH
(OK) proximal tubular cells [5]. These studies demon-(ANG N-806/-779/-53/118) by 135, 150, and 160%, respec-
tively, but not mutants of the ANG N-806/-779. The stimulatory strate that the intrarenal Ang II is probably derived from
effect of isoproterenol was blocked in the presence of propran- the ANG, which is synthesized by the renal proximal
olol, Rp-cAMP, and atenolol, but not by the presence of stauro- tubular cells.sporine, U73122, and ICI 118,551. Transient transfection of
We have previously reported that isoproterenol stimu-the plasmid containing the cDNA for the catalytic subunit of
lates the expression of the ANG gene in OK cells [6].protein kinase A further enhanced the stimulatory effect of 43
kDa CREB on the expression of the fusion gene. The gel The effect of isoproterenol is mediated via the b1-adreno-
mobility shift assays revealed that the nuclear protein(s) of ceptor and cAMP-dependent protein kinase A (PKA)
OK cells binds to the radioactive-labeled ANG N-806/-779. pathway [6]. Our studies confirm the reports of Naka-
mura and Johns that the administration of atenolol (an
inhibitor of the b1-adrenoceptor) blocks the effect of lowKey words: CREB, renin-angiotensin system, fusion gene, angiotensin
II receptor, b-adrenoceptor. levels of renal nerve stimulation on the expression of
the ANG mRNA levels in the rat kidney in vivo [7].Received for publication September 3, 1998
Our studies and those of Nakamura and Johns togetherand in revised form December 3, 1998
Accepted for publication December 4, 1998 indicate the presence of a functional relationship be-
tween the renal sympathetic nervous system and the 1999 by the International Society of Nephrology
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activation of local intrarenal RAS [6, 7]. Thus, the local Nichols Institute of Diagnostics (La Jolla, CA, USA).
formation of renal Ang II may play an important role The plasmids containing the b-catalytic subunit of pro-
in the physiology of the renal proximal tubular cells (that tein kinase A, pRSV/CATb, or its mutant, pRSV/
is, sodium and fluid reabsorption) [8–11]. CATbm, were obtained from Dr. Richard A. Maurer
The exact molecular mechanism(s) for the stimulatory (Oregon Health Sciences University, Portland, OR,
effect of isoproterenol on the expression of the ANG USA) [16].
gene in OK cells has not been defined. One possibility The radioimmunoassay kit for human growth hor-
may be that the addition of isoproterenol stimulates the mone (RIA-hGH) was a gift from the NIDDK (National
synthesis of intracellular cAMP, as b-adrenergic recep- Institutes of Health, Bethesda, MD, USA). The RIA
tors are linked through guanine nucleotide regulatory procedure has been described previously [14]. NIAMDD-
proteins to adenylyl cyclase located on the inner part of hGH-I-1 (AFP-4793 B) was used for both iodination and
the plasma membrane of target cells [12]. The intracellu- as a hormone standard. The limit of sensitivity of the
lar cAMP then activates the cAMP-dependent protein assay was 0.1 ng/ml. The interassay and intra-assay coef-
kinase AI and AII, which subsequently phosphorylate ficients of variation were 12% (N 5 10) and 10% (N 5
the nuclear 43 kDa cAMP-responsive element binding 10), respectively.
protein (43 kDa CREB) [13]. The phosphorylated 43
R(–)-isoproterenol (1)-bitartrate salt (b-adrenocep-
kDa CREB then interacts with the putative cAMP-
tor agonist), atenolol (b1-adrenoceptor antagonist), ICIresponsive element (CRE; that is, ANG N-806 to N-779
118,551 (b2-adrenoceptor antagonist), staurosporine [ancontaining the motif of the CRE, TGACGTAC on the
inhibitor of protein kinase C (PKC)], U73122 (an inhibi-nucleotides N-795 to N-788) in the 59-flanking region of
tor of phospholipase C and A2), S(–)-propranolol hydro-the rat ANG gene [14]. Finally, the bound 43 kDa CREB
chloride (an inhibitor of b1- and b2-adrenoceptors),will act with the preinitiation complex to enhance the
8-Bromo-cAMP, forskolin, Rp-cAMP (an inhibitor ofexpression of the ANG gene. This possibility is sup-
the cAMP-dependent PKA I and PKA II) were all pur-ported by our previous studies, which show that the
chased from Research Biochemicals Inc. (Natick, MA,addition of isoproterenol stimulates the synthesis of in-
USA).tracellular cAMP in OK cells [6]. Furthermore, our re-
Restriction and modifying enzymes were purchasedcent studies show that the addition of isoproterenol fur-
either from Bethesda Research Laboratories (GIBCO-ther enhances the stimulatory effect of 43 kDa CREB
BRL, Burlington, Ontario, Canada), Boehringer-Mann-on the expression of the ANG gene in OK cells [15].
The objective of our study was to investigate whether heim (Dorval, Quebec, Canada), or Pharmacia Inc. (Baie
the stimulatory effect of isoproterenol on the expression d’Urfe, Quebec, Canada). Gamma-[32P]-ATP (3000 Ci/
of the rat ANG gene is mediated via the interaction of mmol) and Na125I were purchased from Dupont, New
the 43 kDa CREB with the putative CRE (that is, ANG England Nuclear (Boston, MA, USA).
N-806/-779) of the rat ANG gene. Our studies demon- Calcium chloride was purchased from Mallinckrodt,
strate that the effect of isoproterenol on the expression Inc. (Montreal, Quebec, Canada). Geneticin (G 418)
of the ANG gene is mediated via the CRE of the ANG was purchased from Bethesda Research Laboratories
gene. The CRE of the rat ANG gene interacts with the (GIBCO-BRL). Other molecular biology-grade reagents
43 kDa CREB and a novel 35 kDa nuclear protein from were obtained either from Sigma Chemicals (St. Louis,
the OK cells. This novel 35 kDa nuclear protein is immu- MO, USA), GIBCO-BRL, Boehringer-Mannheim, Pha-
nologically different from the 43 kDa CREB, suggesting rmacia Inc., or Promega-Fisher, Inc. (Montreal, Quebec,
that the 43 kDa CREB and the novel 35 kDa nuclear Canada).
protein play a regulatory role in the regulation of expres-
Oligonucleotides for the putative CRE of the rat ANG
sion of the ANG gene in the kidney.
gene (ANG-CRE), N-806 to N-779 (59 AAG AGA TTA
CTT GAC GTA CTG GAT GCA A 39) [14], mutant 1
METHODS (M1; 59 AAG AGA TTA CTT GAC TTA CTG GAT
GCA A 39), mutant 2 (M2; 59 AAG AGA TTA CTTMaterials
GAA TTA CTG GAT GCA A 39), mutant 3 (M3; 59The plasmid pRSV-Neo, containing the coding se-
AAG AGA TTA CTT ATA TTA CTG GAT GCA Aquence for neomycin (Neo) with the Rous sarcoma virus
39), the CRE of somatostatin gene (SOM-CRE, N-59 to(RSV) enhancer/promoter sequence fused in the 59-end
N-32, 59GCC TCC TTG GCT GAC GTC AGA GAGof the Neo gene, was a gift from Dr. Teresa Wang (De-
AGA 39) [17], and the CRE of the tyrosine amino trans-partment of Pathology, Stanford University, Stanford,
ferase gene (TAT-CRE, N-3660 to N-3634, 59 CTG CAGCA, USA). The plasmid pTKGH, containing the thymi-
CTT CTG CGT CAG CGC CAG TAT 39) [18] weredine kinase (TK) enhancer/promoter sequence fused to
the 59-end of the hGH gene was purchased from the synthesized by Biosynthesis Inc. (Lewisville, TX, USA).
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Rabbit polyclonal antibodies against the CREB and incubated overnight in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (FBS). ThenRabbit polyclonal antibodies (RB#8) against the
cell growth was arrested by incubation in serum-freeamino acid residues 137 to 150 of the 43 kDa CREB
medium for 24 hours. Subsequently, various concentra-were raised in our laboratory. Briefly, the fragments of
tions of isoproterenol (10–13 to 10–5 m) were added to the43 kDa CREB (amino acid residues 137 to 150) conju-
culture medium containing 1% depleted fetal bovinegated to keyhole limpet hemocyanin (KLH) were pur-
serum (dFBS) and incubated for 24 hours. At the endchased from Biosynthesis Inc. The conjugated peptides
of the incubation period, media were collected and keptwere used to immunize New Zealand white rabbits
at –208C until assayed for IR-hGH.(Charles River Inc., St. Constant, Quebec, Canada) ac-
To compare the inhibitory effect of propranolol, aten-cording to the procedure described previously for ovine
olol, ICI 118,551, Rp-cAMP, staurosporine, and U73122placental lactogen [19].
on the expression of ANG-GH fusion gene in OK cell
transformants, 10–7 m of the antagonists or inhibitors wereConstruction of fusion genes
cocultured with the isoproterenol (10–9 m) for 24 hours.To construct the fusion genes, pOGH (ANG N-806/
At the end of the incubation period, media were col--779/-53/118), and its mutants (that is, M1, M2, and M3),
lected and kept at –208C until assay for IR-hGH.the double-strand DNA fragment (ANG N-806/-779)
The depleted FBS was prepared by incubation withwith the Hind III enzyme restriction site on both the
1% activated charcoal and 1% AG 1 3 8 ion-exchange59 and 39 ends was inserted upstream of the minimal
resin (Bio-Rad Laboratories, Richmond, CA, USA) forpromoter of the rat ANG gene (ANG N-53/118) in the
16 hours or more at room temperature, as Samuels etpOGH (ANG N-53/118) [14], which had been pre-
al described [25]. This procedure removed endogenousviously digested with the restriction enzyme Hind III
steroid and thyroid hormones from the FBS as Samuels,and alkaline phosphatase.
Stanley and Shapiro demonstrated [25].The sequence and orientation for the fusion genes
were confirmed by dideoxy sequencing with SP6 primer
Opossum kidney cell nuclear extract preparation(Promega-Fisher, Inc.) and restriction enzyme digestion
The cellular extract was prepared from 20 platesmapping.
(150 3 20 mm) of confluent OK cells according to the
Cell culture method of Hennighausen and Lubon with slight modifi-
cations [26]. Briefly, cells were harvested by trypsin/eth-The opossum kidney (OK) proximal tubular cell line
ylenediaminetetraacetic acid (EDTA) digestion andwas obtained from the American Tissue Culture Collec-
washed once with phosphate-buffered saline (PBS) andtion (ATCC; Rockville, MD, USA). This cell line is de-
once with hypotonic buffer containing 10 mm HEPES,rived from the kidney of a female American opossum
pH 7.9, 1.5 mm MgCl2, 10 mm KCl, 0.2 mm phenylmethyl-and retains several properties of proximal tubular epithe-
sulfonyl-fluoride (PMSF), and 0.5 mm dithiothreitollial cells in culture [20, 21] and expresses a low level of
(DTT). Then cells were resuspended in the hypotonicANG mRNA [5]. The culture conditions of the OK cells
buffer (that is, buffer volume to wet weight ratio, vol/have been described previously [7, 22–24].
wt 3:1) and left on ice for 10 minutes. The cell suspension
Opossum kidney cell stable transformants was transferred to a Dounce (type B) glass homogenizer
and was homogenized for 10 strokes. The cell homoge-Opossum kidney 95, OK 95/M1, OK 95/M2, OK 95/
nate was centrifuged at 25,000 3 g (that is, 14,500 r.p.m.M3 cells are stable transformants with pOGH (ANG
in a SW 24 rotor) for 20 minutes. The nuclear fractionN-806/-779/N-53/118) or its mutants and pRSV/Neo fu-
(pellet) was resuspended in 0.2 ml of low-salt buffer (20sion genes cointegrated into OK cellular genomes. Simi-
mm HEPES, pH 7.9, 25% glycerol, 1.5 mm MgCl2, 20larly, OK 96, OK 96/M1, OK 96/M2, OK 96/M3 cells are
mm KCl, 0.2 mm EDTA, 0.2 m PMSF, and 0.5 mm DTT).stable transformants with pOGH (ANG N-806/-779/-53/
Subsequently, 0.8 ml of high-salt buffer containing 20118) or its mutants and pRSV-CREB [16] cointegrated
mm HEPES, pH 7.9, 25% glycerol, 1.5 mm MgCl2, 1.2 minto the OK cellular genomes. The method for the selec-
KCl, 0.2 mm EDTA, 0.2 mm PMSF, and 0.5 mm DTTtion of OK cell stable transformants with the high expres-
were added to the cell nuclear suspension and homoge-sion of the fusion gene was identical to the method de-
nized. The cell nuclear extract was gently stirred at 48Cscribed previously for OK 27 cells [6].
for 30 minutes and then centrifuged at 25,000 3 g for
Effect of isoproterenol on the expression of the 30 minutes. Finally, the supernatant was dialyzed against
ANG-GH fusion genes in opossum kidney cell a large volume of dialysis buffer (20 mm HEPES, pH
stable transformants 7.0, 20% glycerol, 100 mm KCl, 0.2 mm EDTA, 0.2 mm
PMSF, and 0.5 mm DTT) at 48C for five hours withOpossum kidney cell stable transformants were plated
at a density of 1 to 2 3 105 cells/well in six-well plates several changes of buffer. The dialyzed nuclear extract
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was then centrifuged for 20 minutes in an Eppendorf
microcentrifuge at 48C to remove the precipitate, and
the supernatant (nuclear extract) was stored frozen in
liquid nitrogen or at –808C in aliquots. The protein con-
centration of the extract was determined by the Bio-
Rad protein assay using bovine serum albumin (BSA)
as standard.
Gel mobility shift assay
The DNA fragment, ANG N-806 to N-779 was 59-end
labeled with gamma 32P-ATP using T4 polynucleotide
kinase. OK cell nuclear proteins (10 mg) or BSA (10 mg)
in the presence of 0.3 units of poly (dI-dC) in 20 mm
Tris-glycine, pH 7.6, and 1 mm EDTA were incubated
for 30 minutes at room temperature. Then the 59-labeled
probe (0.1 pmol) was added and further incubated for
30 minutes at room temperature. After chilling on ice,
the mixture was run on a 8% nondenaturing polyacryl-
amide gel and exposed for autoradiography.
In competition assays, a 200-fold excess of unlabeled
DNA fragments was added to the reaction mixture and
incubated for 30 minutes at room temperature prior to
the incubation with the labeled probe.
Southwestern blot
Southwestern blot analysis was performed according
to the procedures of Kwast-Welfeld et al, with slight
modifications [27]. Briefly, OK cell nuclear proteins (50
to 200 mg) ANG N-806/-779/-53/118) were resolved on a
4 to 20% gradient polyacrylamide gel containing sodium
dodecyl sulfate (PAGE-SDS) [28] and were then electro-
transferred onto a nitrocellulose membrane (0.45 mm;
Schleicher & Schuell, Keene, NH, USA). The membrane
was incubated with 10% nonfat milk proteins in a binding
buffer containing 10 mm HEPES, pH 7.0, 10 mm MgCl,
50 mm NaCl, 0.25 mm EDTA, and 2.5% glycerol for one
hour at 48C for overnight. The membrane was washed,
air-dried, and exposed for autoradiography.
Western blot
Fig. 1. Effect of isoproterenol, forskolin, or 8-Bromo-cAMP on the
Western blot analysis was also performed to analyze expression of pOGH (ANG N-806/-779/-53/118) in OK 95 cells. Cells
were incubated for up to 24 hours in the presence of various concentra-the OK cellular nuclear proteins by employing rabbit
tions of isoproterenol or forskolin (10–13 to 10–5 m; A) or 8-Bromo-cAMP
polyclonal antibodies (Rb#8) against the amino acid resi- (10–7 m to 10–3 m; B). Media were harvested after 24 hours of incubation
and assayed for immunoreactive human growth hormone (IR-hGH).dues 137 to 150 of the 43 kDa CREB, Bio-Rad’s antirab-
The concentration of IR-hGH in the absence of isoproterenol or for-bit horseradish peroxidase (HRP) conjugates, and the skolin or 8-Bromo-cAMP is considered as the control level (that is,
avidin HRP conjugates according to the protocol of the 1.65 6 0.03 ng/ml and 1.79 6 0.07 ng/ml of IR-hGH in A and B,
respectively). Each point represents the mean 6 sd of three determina-supplier (Bio-Rad Lab).
tions (*P # 0.05, **P # 0.01, and ***P # 0.005). Similar results were
obtained from three other experiments.
Statistical analysis
The experiments were performed at least three to four
times in triplicate. The data were analyzed with Student’s
t-test or analysis of variance. A probability level of P
less than 0.05 was regarded as significant.
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Fig. 2. Inhibitory effect of adrenoceptor an-
tagonists, Rp-cAMP, staurosporine, or U73122
on the expression of pOGH (ANG N-809/-779/
-53/118) in OK 95 cells stimulated by isopro-
terenol (10–9 m). OK 95 cells were incubated for
up to 24 hours in the presence of isoproterenol
(10–9 m) and 10–7 m of various adrenoceptor an-
tagonists, Rp-cAMP, staurosporine, or U73122.
Media were harvested and assayed for the level
of IR-hGH. The concentration of IR-hGH in
the absence of isoproterenol or drugs represents
the control level (that is, 1.45 6 0.06 ng/ml
of IR-hGH). Results were expressed as the
mean 6 sd of three determinations (*P # 0.05
and **P # 0.01). Similar results were obtained
from two other experiments.
RESULTS enol, because we had reported previously that this dose
was the most effective dose to block the stimulatoryEffect of isoproterenol on the expression of ANG-GH
effect of isoproterenol [6]. Similarly, 10–7 m of stauro-fusion genes and pTKGH in opossum kidney cells
sporine and U73122 was used because this was the most
Figure 1 shows the expression of the pOGH (ANG effective dose to block the stimulatory effect of iodoclon-
N-806/-779/-53/118) in OK 95 cells in the presence of idine on the expression of the ANG-GH fusion gene [23].
various concentrations of isoproterenol (10–13 to 10–5 m), Figure 3 shows that the addition of isoproterenol
forskolin (10–13 to 10–5 m) and 8-Bromo-cAMP (10–7 to (10–9 m) stimulated the expression of the pOGH (ANG
10–3 m). The maximal stimulation of expression of the N-806/-779/-53/118) in OK 95 cells, but had no stimula-
pOGH (ANG N-806/-779/-53/118) was found with 10–9 tory effect on the expression of the M1, M2, and M3 of
to 10–7 m isoproterenol and forskolin (Fig. 1A). The stim- pOGH (ANG N-806/-779/-53/118) in OK 95/M1, OK
ulatory effect of isoproterenol was attenuated at concen- 95/M2, and OK 95/M3 cells compared with the control
trations greater than 10–7 m (that is, 10–5 m). On the other (that is, without the addition of isoproterenol), respec-
hand, the maximal stimulation of expression of the tively. Similarly, the addition of isoproterenol (10–9 m)
pOGH (ANG N-806/-779/-53/118) was found with 10–3 m stimulated the expression of the pOGH (ANG N-806/
8-Bromo-cAMP (Fig. 1B). -779/-53/118) in OK 96 but had no stimulatory effect on
The inhibitory effect of various adrenoceptor antago- the expression of M1, M2, and M3 of the pOGH (ANG
nists and inhibitors of PKA or PKC on the expression N-806/-779/-53/118) in OK 96/M1, OK 96/M2, and OK
of the pOGH (ANG N-806/-779/-53/118) in OK 95 cells 96/M3 cells, respectively (Fig. 3B).
stimulated by isoproterenol is shown in Figure 2. Pro- These studies demonstrate that the mutation of the
pranolol, Rp-cAMP (an inhibitor of the PKA), and aten- nucleotides in TGACGTAC completely abolished the
olol at 10–7 completely inhibited the stimulatory effect response to the addition of isoproterenol, suggesting that
of isoproterenol (P 5 0.01), whereas staurosporine, the DNA sequence TGACGTAC (N-795 to N-788) is
U73122, and ICI 118,551 had no effect. These studies the motif of the CRE of the rat ANG gene.
confirm that the effect of isoproterenol is mediated via Figure 4 shows that the addition of propranolol
the b1-adrenoceptor and the PKA signal transduction (10–7 m), Rp-cAMP (10–7 m), atenolol (10–7 m) also inhib-
pathway. We have used 10–7 m of propranolol, Rp-cAMP, ited the stimulatory effect of isoproterenol (10–9 m) on
the expression of pOGH (ANG N-806/-779/-53/118) inatenolol, and ICI 118,551 to block the effect of isoproter-
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pRSV/CATb (2 to 10 mg DNA) per well stimulated the
expression of pOGH (ANG N-806/-779/-53/118) in OK
95 cells. It appears that the maximal stimulation was
found with 5 mg pRSV/CATb. At doses greater than 5
mg pRSV/CATb, the expression of pOGH (ANG
N-806/-779/-53/118) diminished. No significant stimula-
tion of expression of the pOGH (ANG N-806/-779/-53/
118) was observed with the mutant of the b-catalytic
subunit of PKA, pRSV/CATbm (2 to 10 mg).
Figure 6 shows that the transient transfection of pRSV/
CATb (5 mg) also stimulated the expression of pOGH
(ANG N-806/-779/-53/118) in OK 96 cells with the
pRSV/CREB cointegrated into the genome. The plasmid
pGEM-3 or pRSV/CATbm had no effect on the expres-
sion of the M1, M2, and M3 of pOGH ANG N-806/
-779/-53/118) in OK 96/M1, OK 96/M2, and OK 96/M3
cells, respectively.
These studies demonstrated that the activation of
PKA stimulated the expression of the ANG gene and
mutation of the nucleotides in the CRE- motif, and ANG
N-795/-788 abolished the responsiveness to the PKA sig-
nal transduction pathway. These data support the view
that the intact CRE motif (that is, ANG N-795/-788) is
essential for the PKA and CREB action.
Gel mobility shift assays
The interaction of the putative CRE of the rat ANG
gene (ANG-CRE, N-806 to N-779) with OK cellular
Fig. 3. Effect of isoproterenol on the expression of pOGH (ANG
nuclear proteins was examined by gel mobility shiftN-806/-779/-53/118) and its mutants in OK 95, OK 95/M1, OK 95/M2
and OK 95/M3 cells (A) or in OK 96, OK 96/M1, OK 96/M2, and OK assays.
96/M3 cells (B). Cells were incubated for up to 24 hours in the presence Figure 7 shows the binding of the OK cellular extract
of isoproterenol (10–9 m). Media were harvested after 24 hours of
nuclear proteins with the labeled ANG-CRE. A singleincubation and were assayed for IR-hGH. The concentration of IR-
hGH in the absence of isoproterenol represents the control level (that specific band appeared with retarded mobility. No slow
is, OK 95, 3.8 6 0.2 ng/ml; OK 95/M1, 3.9 6 0.01 ng/ml; OK 95/M2, migrating band was observed when the labeled DNA
4.2 6 0.05 ng/ml; OK 95/M3, 3.1 6 0.14 ng/ml; OK 96, 7.8 6 0.1 ng/
was incubated with BSA. Furthermore, the binding ofml; OK 96/M1, 4.1 6 0.2 ng/ml; OK 96/M2, 3.2 6 0.1 ng/ml; OK 96/
M3, 2.7 6 0.1 ng/ml of IR-hGH). Each point represents the mean 6 labeled ANG N-806/-779 to the nuclear protein(s) was
sd of three determinations (***P # 0.005). The left blank bar repre- displaced by the unlabeled DNA fragment ANG N-806/
sents the control level. The second solid bar represents the incubation
-779, but not by the unlabeled SOM-CRE and the unla-medium in the presence of 10–9 m isoproterenol. Similar results were
obtained from four other experiments. beled mutant 2 and 3 of the ANG N-806/-779 (that is,
M2 and M3). The unlabeled TAT-CRE and the M1 of
the ANG N-806/-779 were weakly displaced the labeled
ANG N-806/-779. These data further confirm that the
OK 96 cells. The addition of staurosporine (10–7 m), intact CRE-motif is important for the binding with the
U73122 (10–7 m), and ICI 118,551 (10–7 m) had no inhibi- OK cellular nuclear protein(s).
tory effect. These studies further demonstrated that the
Southwestern and Western blot analysisstimulatory effect of isoproterenol on the expression of
pOGH (ANG N-806/-779/-53/118) in OK 96 cells is me- The interaction of the ANG-CRE (ANG N-806/-779)
diated via the b1-adrenoceptor and the PKA signal trans- with nuclear proteins was further examined by South-
duction pathway. western blot analysis, as shown in Figure 8A. The labeled
ANG N-806/-779 interacts with one major and one minor
Effect of pRSV/Catb and its mutant, pRSV/CATbm, protein band. The apparent molecular weights of the
on the expression of ANG-GH fusion genes in major and minor protein were 43 and 35 kDa, respec-
opossum kidney cells tively.
Figure 5 shows that the transient transfection of the After Southwestern blot analysis, the same membrane
was blotted with the polyclonal antibodies (Rb #8)plasmid containing the b-catalytic subunit of PKA,
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Fig. 4. Inhibitory effect of adrenoceptor an-
tagonists or Rp-cAMP or U73122 or stauro-
sporine on the expression of pOGH (ANG
N-806/-779/-53/118) in OK 96 cells stimulated
by isoproterenol (10–9 M). OK 96 cells were
incubated for up to 24 hours in the presence
of isoproterenol (10–9 m) and 10–7 m of propran-
olol or atenolol or ICI 118,551 or Rp-cAMP
or U73122 or staurosporine. Media were har-
vested and assayed for the level of IR-hGH.
The concentration of IR-hGH in the absence
of drugs represents the control level (that is,
9.6 6 0.03 ng/ml of IR-hGH). Results are ex-
pressed as the mean 6 sd of three determina-
tions (*P # 0.05 and **P # 0.01). Similar
results were obtained from two other experi-
ments.
Fig. 5. Basal expression of the pOGH (ANG N-806/-779/-53/118) in
OK 95 cells when transiently transfected with different concentrations Fig. 6. Effect of transient transfection of the plasmid, pGEM-3 or
pRSV/CATb or pRSV/CATbm on the expression of pOGH (ANGof plasmid containing the cDNA for the b-catalytic subunit of protein
kinase A (pRSV/CATb) or with the mutant of the b-catalytic subunit N-806/-779/-53/1 18) in OK 96 cells with the pRSV/CREB cointegrated
in the genome. The levels of transcriptional activity of pOGH (ANGof protein kinase A (pRSV/CATbm) as control. The concentration of
IR-hGH in the medium of cells (2 3 105 m cells per well) without N-806/-779/-53/118) were quantitated by the amount of IR-hGH in
the medium assayed by RIA-hGH. The concentration of IR-hGH intransfection with pRSV/CATb or pRSV/CATbm is considered as the
control level (100%). These data were normalized with the DNA the medium of cells (1 3 105 cells) transfected with pGEM-3 is consid-
ered to be the control level (100%). The data were normalized with thetransfection efficiency by cotransfection with 2 mg of pTKCAT as
internal controls. Results are expressed as the mean 6 sd of three DNA transfection efficiency by cotransfection with 2 mg of pTKCAT as
internal control. The blank bar represents the cells transfected withdeterminations (triplicate). The blank bar represents those cells trans-
fected with pRSV/CATb and the solid bar those cells transfected with pGEM-3. The middle solid bar represents the cells transfected with
pRSV/CATb. The right stippled bar represents the cells transfectedpRSV/CATbm. Similar results were obtained from two independent
experiments. with pRSV/CATbm (*P # 0.05, **P # 0.01, and ***P # 0.005).
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Fig. 7. Gel mobility shift assay of the radioac-
tive-labeled DNA fragment, ANG-CRE (ANG
N-806/-779) with the OK cellular nuclear pro-
tein(s). The labeled DNA probe (0.1 pmol)
was incubated with BSA (10 mg; lane 1) or
cellular nuclear protein(s) (10 mg each; lanes
2 through 15) in the presence of 0.03 units
of poly dI-dC. Competition with a 200-fold
excess of unlabeled ANG-CRE, SOM-CRE,
TAT-CRE, M1, M2, and M3 are shown in
lanes 4 and 5, lanes 6 and 7, lanes 8 and 9,
lanes 10 and 11, lanes 12 and 13, and lanes
14 and 15, respectively. Similar observations
were obtained from two other experiments.
against the amino acid residues 137 to 150 of the 43 terenol, forskolin, or 8-Bromo-cAMP alone stimulated
the expression of pOGH (ANG N-806/-779/-53/118) inkDa CREB (Fig. 8B). It is apparent that the polyclonal
OK 95 cells in a dose-dependent manner (Fig. 1). Theseantibodies interact with the 43 kDa CREB protein in
studies demonstrate that the DNA fragment, ANGthe OK cellular nuclear extract. The antibodies did not
N-806/-779 is the functional CRE of the rat ANG gene.interact with the 35 kDa nuclear protein. These studies
Currently, we have no explanation for the attenuationdemonstrate that the 35 kDa nuclear protein is immuno-
of the increase of fusion gene expression in OK 95 stimu-logically different from the 43 kDa CREB.
lated by isoproterenol or forskolin at 10–7 m or greater.
One possible explanation may be that high concentra-
DISCUSSION tions of isoproterenol or forskolin may desensitize the
Functional b-adrenoceptors along the proximal tubule b-adrenoceptors or adenyl cyclase system, respectively.
of the rat kidney and on the rabbit proximal tubules have Indeed, studies by Hausdorff et al have shown that
been reported [29–33], suggesting that b-adrenoceptors b-adrenoceptors are subject to desensitization by its own
may contribute a significant role in catecholamine-stimu- agonists [31]. Moreover, studies by Cheng et al demon-
lated electrolyte transport. Our previous studies showed strated that isoproterenol at concentrations of 10–8 m to
that the addition of isoproterenol alone not only stimu- 10–4 m had no stimulatory effect on cAMP formation in
lated the expression of pOGH (ANG N-1498/118) in OK cells [32].
OK 27 cells in a dose-dependent manner [6], but also The stimulatory effect of isoproterenol on the expres-
enhanced the stimulatory effect of 43 kDa CREB on the sion of the pOGH (ANG N-806/-779/-53/118) in OK 95
expression of pOGH (ANG N-1498/118) in OK 27 cells cells was inhibited in the presence of propranolol, Rp-
[15]. These studies suggest that the molecular mecha- cAMP, or atenolol but not in the presence of stauro-
nism(s) of action of the isoproterenol, at least in part, sporine, U73122, or ICI 118,551 (Fig. 2). Moreover, the
may be mediated via the interaction of the phosphory- addition of isoproterenol stimulated the expression of
lated CREB with the putative CRE in the 59-flanking the pOGH (ANG N-806/-779/-53/118) in OK 95 (Fig.
region of the rat ANG gene. The nucleotide sequence 3A) and OK 96 (Fig. 3B) but had no stimulatory effect
of the putative CRE of the rat ANG gene and other on the expression of M1, M2, and M3 of the pOGH
genes was illustrated in Figure 9. (ANG N-806/-779/-53/118) in OK 95/M1, OK 95/M2,
and OK 95/M3 cells (Fig. 3A) or in OK 96/M1, OK 96/Our current studies showed that the addition of isopro-
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mediated via the increase of intracellular cAMP, which
then activates the PKA and nuclear CREB to interact
with the CRE of the rat ANG gene.
Studies have shown that the CREB could be phos-
phorylated directly by the catalytic subunit of PKA [33–
36]. Our current studies show that the transient transfec-
tion of the plasmid containing the b-catalytic subunit of
the PKA, pRSV/CATb, directly stimulated the expres-
sion of the pOGH (ANG N-806/-779/-53/118) in OK 95
cells, whereas the transient transfection of the mutant
of the b-catalytic subunit of PKA, pRSV/CATbm, had
no effect (Fig. 5). Furthermore, transient transfection of
pRSV/CATb did not stimulate the expression of the M1,
M2, and M3 of pOGH (ANG N-806/-779/-53/118) in
OK 96/M1, OK 96/M2, and OK 96/M3 cells, respectively
(Fig. 6). These data provide additional evidence that the
activation of the PKA pathway stimulated the expression
of the ANG gene and that the intact CRE motif is essen-
tial for the PKA signal transduction pathway.
At higher concentrations of pRSV/CATb (that is,
more than 5 mg; Fig. 5), the effect of pRSV/CATb was
inhibited. Currently, we do not know the reasons for this
observation. One possible explanation may be that large
Fig. 8. Southwestern and Western blot analysis of the 43 kDa CREB amount of DNA transfected into OK cells might exhaust
from the OK cellular nuclear protein(s). (A) Southwestern blot analy-
the limited amount of cellular transcriptional factors.sis: 50, 100, or 200 mg of OK cellular nuclear protein(s) were resolved
on a gradient (4 to 20%) PAGE-SDS, transferred onto a nitrocellulose Nevertheless, more studies are warranted to clarify this
membrane, hybridized with radioactive ANG-CRE (ANG N-806/ observation.
-779), washed, and subjected to autoradiography. (B) Western blot
To investigate whether ANG N-806/-779 interacts withanalysis: After Southwestern blot analysis, the same nitrocellulose
membrane was blotted with rabbit polyclonal antibodies (Rb #8) the nuclear proteins in OK cells, we performed gel mobil-
against the midregion (amino acid residues 137 to 150) of the 43 kDa- ity shift assays. Our gel mobility shift assays showed that
CREB. Bio-Rad’s prestained SDS-PAGE protein standard (broad
the labeled ANG-CRE interacted with the OK cellularrange) was used as molecular weight markers. Similar results were
obtained from another experiment. nuclear protein(s) (Fig. 7). The addition of the unlabeled
ANG-CRE effectively displaced the labeled ANG-CRE
at 200-fold excess of unlabeled DNA, whereas the unla-
beled SOM-CRE and mutants (M2 and M3) of the ANG
M2, and OK 96/M3 (Fig. 3B). These studies indicate N-806/-779 were not effective in displacing the labeled
strongly that the DNA fragment ANG N-806/-779 con- ANG-CRE. The addition of the unlabeled mutant of the
tains the functional CRE of the rat ANG gene. ANG-CRE (that is, M1) and TAT-CRE weakly displaced
We have observed that the level of expression of the the labeled DNA. These studies demonstrate that the
fusion gene in OK 96 was twofold greater than in OK intact CRE-motif of the ANG-CRE is essential for the
95 cells (that is, 7.8 6 0.1 ng/ml vs. 3.8 6 0.2 ng/ml, P # binding to the OK cellular nuclear protein(s). Currently,
0.005). These data indicate that the overexpression of we do not know why M1 (that is, at 200-fold excess)
the 43 kDa CREB enhanced the expression of the fusion weakly displaced the labeled ANG-CRE. One possible
gene. Mutation of the CRE in OK 96 M1, OK 96 M2, explanation may be that the nucleotide “G” (N-791) is
and OK 96 M3, however, attenuated the expression of not the “critical” nucleotide for the binding with a nu-
the fusion gene at levels comparable to those of OK 95. clear protein(s).
These studies further support the notion that the ANG The reason(s) for the lack of displacement by the unla-
N-806/-779 contains the functional CRE of the rat ANG beled SOM-CRE and TAT-CRE (Fig. 7) is not clear.
gene. One possible explanation may be that the ANG-CRE
Again, the stimulatory effect of isoproterenol in OK binds with a nuclear protein(s) other than the 43 kDa
96 cells was inhibited in the presence of propranolol, CREB. Another possible explanation may be that the
Rp-cAMP, or atenolol but not in the presence of stauro- binding affinity of 43 kDa CREB to the ANG-CRE is
sporine, U73122, or ICI 118,511 (Fig. 4). These studies lower than another nuclear protein(s) to ANG-CRE.
further support the notion that the enhancing effect of Indeed, our Southwestern blot experiments showed that
the labeled ANG N-806/-779 binds to the two OK cellu-isoproterenol on the expression of the ANG gene is
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Fig. 9. A comparison of the DNA nucleotide sequence of the cAMP-responsive element (CRE) in the rat angiotensinogen (ANG) gene,
somatostatin (SMS) gene, and tyrosine aminotransferase (TAT) gene. The mutated nucleotide(s) in the CRE motif is indicated by a bold letter(s).
de la Recherche en Sante´ du Que´bec” (FRSQ) and “Fonds pour lalar nuclear proteins with an apparent molecular weight
Formation de Chercheurs et l’Aide a` la Recherche” (FCAR). We
of 43 and 35 kDa (Fig. 8A). Our Western blot analysis thank Dr. Richard A. Maurer of Oregon Health Sciences University
for the generous gift of pRSV/CATb and pRSV/CATbm. We alsoof the OK cellular nuclear proteins, however, revealed
thank the National Institute of Diabetes, Digestive and Kidney Dis-that the polyclonal antibodies against the midregion
eases (NIDDK), the National Institute of Child Health and Human
(amino acid residues 137 to 150) of the 43 kDa CREB Development and the National Hormone and Pituitary Program
(NHPP; Dr. Philip F. Smith) for the gift of hGH-RIA kit (Awardinteracted with the 43 kDa CREB but not with the 35
#31730). Finally, we thank Mrs. Ilona Schmidt for her expert secretarialkDa molecular species (Fig. 8B). These studies demon-
assistance and Dr. Kenneth D. Roberts for his comments.
strate that the 35 kDa nuclear protein is immunologically
different from the 43 kDa CREB. Reprint requests to John S.D. Chan, Ph.D., Research Center, Univer-
sity of Montreal, Maisonneuve-Rosemont Hospital, 5415 Boulevard DeThe exact molecular structure of the 35 kDa nuclear
l’Assomption, Montreal, Quebec, Canada.
protein is unknown to date. The apparent molecular
weight of this nuclear protein is not similar to either
CRE-BP2 or ATF-1 or CREM-related proteins, as APPENDIX
Meyer and Habener discussed [37]. Our studies suggest Abbreviations used in this article are: ANG, angiotensinogen; AT1,
angiotensin II receptor type 1; CATb, catalytic subunit b; CRE, cAMP-that the 35 kDa protein might be a novel CREB-like
responsive element; CREB, CRE binding protein; dFBS, depleted fetalprotein. The physiological role(s) of this 35 kDa nuclear
bovine serum; G418, geneticin; kDa, kiloDalton; hGH, human growth
protein is unknown. Experiments such as cloning and hormone; OK, opossum kidney; PKA, protein kinase A; RAS, renin-
angiotensin system; RSV, Rous sarcome virus; SOM, somatostatin;expression of the 35 kDa proteins are definitely war-
TAT, tyrosine amino transferase; TK, thymidine kinase.ranted to demonstrate the biological activity of the 35
kDa protein.
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